Background
Introduction
Lyme borreliosis is the most prevalent tick-borne disease in humans, and is caused by spirochetes of the Borrelia burgdorferi sensu lato complex [1] [2] [3] . The most common clinical manifestation of early localized Lyme borreliosis is erythema migrans (EM), an expanding skin lesion occurring after several days or weeks at the site of the tick bite. Other sporadically reported symptoms in this early stage of disease are malaise and viral-like symptoms. Disseminated Lyme borreliosis displays more severe manifestations that can involve a patient's nervous system, joints, skin, and in rare cases the heart [1] [2] [3] . Tick-borne encephalitis (TBE) is the most common tick-borne central nervous system infection caused by the tick-borne encephalitis virus (TBEV). Its clinical spectrum ranges from fever to mild meningitis and severe meningoencephalitis with or without paralysis [4] .
In several European countries, there have been marked increases in the incidence of Lyme borreliosis and TBE over the past ten to twenty years [5] [6] [7] . In the Netherlands, a retrospective study among general practitioners has shown a continuing increase in consultations for tick bites and EM between 1994 and 2009 [8, 9] . The increasing number of tick bites, adding up to 1.1 million tick bites in 2009 [8] , poses a growing risk of disseminated Lyme borreliosis and perhaps also of other tick-borne diseases. In the Netherlands, Ixodes ricinus ticks transmit several Borrelia burgdorferi s. l. genospecies, but are also infected with a variety of established or potentially pathogenic microorganisms, such as Borrelia miyamotoi, Anaplasma phagocytophilum, Candidatus Neoehrlichia mikurensis, several Babesia species, Rickettsia helvetica, R. monacensis and TBEV [10] [11] [12] [13] [14] [15] . These ticks often carry multiple pathogens; at least one-third of the I. ricinus ticks carrying B. burgdorferi s. l. are co-infected with one or more pathogens from a different genus [12] , implying frequent exposure and possibly subsequent infection with several pathogens when humans are bitten by ticks.
Remarkably, little is known about the incidences and clinical presentations of other tickborne diseases than Lyme borreliosis and TBE. In general, disease caused by these other tickborne pathogens, are associated with febrile illnesses with fever, headache, myalgia and malaise [16] [17] [18] [19] [20] [21] . However, in immunocompromised patients chronic infections with severe clinical manifestations and even mortality have been described [17, 18, 21, 22] . In the Netherlands, one single case of anaplasmosis has been reported in 1999 [23] , and one case of B. miyamotoi disease in an immunocompromised patient in 2012 [18] . It has been suggested that the severity of disease in Lyme borreliosis is affected by co-infections with other tick-borne pathogens [24] [25] [26] [27] [28] . Therefore, co-infections of B. burgdorferi s. l. with different tick-borne pathogens may possibly contribute to the high variety of clinical manifestations that are associated with Lyme borreliosis.
Several reasons can be appointed for the absence in reporting of tick-borne diseases other than Lyme borreliosis and TBE, and the diagnosis of co-infections with other pathogens in Lyme borreliosis patients. Firstly, most of these infections might be self-limiting without overt or characteristic symptoms, often a clear-cut case definition of patients infected with one of these pathogens has not been established yet. Secondly, a poor performance or non-existence of supportive laboratory tests in routine medical microbiological settings. Thirdly, the lack of awareness among health professionals.
Here, we aim to investigate i) whether infection with tick-borne pathogens other than B. burgdorferi s. l. can be shown in patients with early localized Lyme borreliosis and in people exposed to tick bites in the Netherlands, and to determine ii) the clinical picture of patients with DNA of tick-borne pathogens in their blood.
Our approach is to test for the presence of nucleic acid (DNA/RNA) of the specific pathogens in human blood through amplification with PCR, especially since currently; there is no other specific laboratory diagnostic to detect infection with most of these tick-borne pathogens. Compared to DNA amplification with PCR, available serological tests generally have a low specificity and or sensitivity, particularly during the early phase of infection. In addition, although culturing is considered the most reliable method in proving the presence of microorganisms, it is time consuming, costly and often not possible for all pathogens.
Materials and Methods

Study design, ticks, human samples and questionnaires
Ticks, EDTA-blood and questionnaire data were available from a nationwide prospective observational study among patients who consulted one of 307 enrolling general practitioners for a tick bite or EM between May 2007 and December 2008 in the Netherlands, as described in detail [29] . All participants gave written informed consent, all minors who participated in the study had consent given from a parent/guardian, and the study protocol (number 07-032/ K) was approved by the medical ethics committee of the University Medical Centre in Utrecht, the Netherlands. Patients were not eligible for participation when they were younger than six years of age, or when the tick bite had occurred outside the Netherlands. At enrolment, participants received the first set of study materials, containing a brochure about the study, an enrolment questionnaire, and materials for collection and mailing of first blood samples and removed ticks. Ticks removed from the skin were submitted in a small tube with 70% ethanol. In total, 314 ticks were obtained from 293 participants, of which 278 patients consulted their physician for a tick bite, and fifteen patients consulted their physician with an EM. Four ticks (1%) were larvae, 167 (53%) nymphs, 135 (43%) adult ticks, and for eight ticks, the developmental stage could not be determined, as they had been damaged too much during removal from the patient's skin. No other tick species than I. ricinus were identified. At enrolment, two tubes of blood were collected, 7 ml in a serum tube and 5 ml in an EDTA tube. Three months after enrolment, follow-up questionnaires and a consecutive 7 ml serum sample was collected from the tick bitten patients and from the EM patients after standard antibiotic treatment [29, 30] . Seven patients who consulted their physician for a tick bite and in whom EM developed within the three month follow-up duration of the prospective study, were categorized in EM patient-group of the current study. EDTA-blood samples were available for molecular testing from 335 tick bitten patients and 291 EM patients.
Tick analyses for detection of tick-borne pathogens
After arrival at the laboratory, ticks were stored at -20°C in ethanol. DNA was extracted using the DNeasy Blood and Tissue Kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions extraction for ticks. After total DNA extraction from ticks and amplification by PCR, reverse line blotting (RLB) was performed for Borrelia-, Ehrlichia-, Anaplasma-, Rickettsia-and Babesia-species. Further identification by DNA sequencing was performed as described [11, 31] . PCR products that specifically reacted to the generic ("catch all") probes, but that could not be further specified to the (geno) species level were designated as "untypeable". Furthermore, our RLB analysis could not distinguish between B. garinii and B. bavariensis [12] . The presence of B. miyamotoi in ticks was tested by a real-time PCR amplification in 302 ticks, and Candidatus Neoehrlichia mikurensis in 312 ticks. The presence of TBEV RNA could not be screened in the tick samples, since only DNA had been extracted from these samples. Individual test results of the tick analyses were not reported to the participants or their physicians, in accordance with the informed consent form.
Molecular analyses for detection of tick-borne pathogens in EDTA-blood
Extraction of whole nucleic acid of the EDTA-blood samples were performed using robotextraction (MagNA Pure Compact Extraction Robot; Roche, Basel, Switzerland) from 400 μL of EDTA-plasma (Nucleic Acid Isolation Kit I; Roche) according to the manufacturer's instructions in a diagnostic laboratory setting. All 626 samples were analyzed with different real-time PCRs based on various genes specific for the microorganism of interest namely; B. burgdorferi s. l., B. miyamotoi, A. phagocytophilum, Candidatus Neoehrlichia mikurensis, spotted fever Rickettsia's carried out on a LightCycler 480 (Roche Diagnostics Nederland B.V, Almere, the Netherlands). For primers and probes, see S1 Table (supplementary data) . Reactions were done in a final volume of 20 μl with iQ multiplex Powermix, 3 μl of sample and 0.2 μM for all primers and different concentrations for probes. Positive plasmid controls and negative water controls were used on every plate tested. For detection of TBEV, multiplex a reverse transcription real-time PCR was performed as described before [32] . In brief, reactions were done in a final volume of 20 μl with TaqMan Fast Virus 1-Step Master Mix (Thermo Fisher scientific, USA), 5 μl of sample and 0.2 μM for all primers and 0.2 μM probes (S1 Table) were added to the master mix and internal control was added to all the samples. With 20 min reverse transcription step at 50°C, denaturation at 95°C for 30 s and 50 cycles of 95°C for 10 s and 60°C for 30 s. The amplification was performed on a Roche LightCycler 480 instrument. For Babesia genospecies, we performed a conventional PCR targeting the 18S rRNA gene on all the blood samples [11] , followed by sequencing. To minimize cross contamination and false-positive results, negative controls were included in each batch tested by PCR. In addition, DNA/ RNA extraction, PCR mix preparation, sample addition, and PCR analyses were performed in separated air locked dedicated labs. On all samples that were found positive in the real-time PCR, conventional PCRs were performed for confirmation on one or more targets followed by Tris-Borate-EDTA-agarose gel-electrophoresis. PCR products were sequenced, and these were compared with reference sequences from Genbank using Unweighted Pair Group Method with Arithmetic Mean-based (UPGMA) hierarchical clustering. Individual test results of these molecular analyses on EDTA-blood were not reported to the participants or their physicians, in accordance with the informed consent form.
Statistical analyses
The prevalence of microorganism DNA detection in ticks and in EDTA-blood was calculated with 95% confidence intervals (95%CI) based on mid-P exact. Characteristics of persons with or without DNA detected in blood by PCR were compared in Chi-square or Fisher's exact test. We looked for associations between DNA detected in EDTA-blood by PCR and DNA detected in available ticks from the participants, tick engorgement, patient-reported tick attachment duration, antibiotic treatment at enrolment, and patient-reported symptoms at enrolment and after three months. Using multivariate logistic regression, we explored for associations between DNA detected in blood by PCR and self-reported symptoms at enrolment and follow-up. All reported clinical symptoms (at enrolment and follow-up) were included as predictive variables in the multivariate logistic regression models, after which the models were optimized using backwards elimination, until all predictive variables that were maintained in the model were statistically significant contributors (p<0.05). Statistical analyses were performed with SAS 9.4 (SAS Inc.).
Results
Tick-borne pathogens in ticks removed from humans Table 1 shows the number of DNA sequences of the pathogens detected in 314 ticks obtained from 293 participants. Borrelia burgdorferi s. l. DNA was detected in 92 (29%) ticks, as published earlier [29] . The ticks contained DNA of Candidatus Neoehrlichia mikurensis (5.4%), A. phagocytophilum (1.0%), Rickettsia species (22%), Babesia species (3.5%). and B. miyamotoi (2.3%). DNA of microorganisms of two or more genera were detected in 34 ticks (11%). Among the 92 B. burgdorferi s. l. positive ticks, 30 (33%) also carried a pathogen of a different genus. About half of the ticks (149/314, 47%) tested negative for all genera.
Tick-borne pathogens in human EDTA-blood Table 2 shows the prevalence of DNA detection of tick-borne pathogens in EDTA-blood samples of 335 tick bitten patients and 291 EM patients, using various (real-time) PCRs. Only one (0.2%) of 626 blood samples tested positive for B. burgdorferi s. l. and one (0.2%) for B. miyamotoi in the real-time PCRs multiplex, both with high Ct values. In another multiplex, five blood samples (0.8%) were positive for A. phagocytophilum and seven (1.1%) for Candidatus Neoehrlichia mikurensis. Three (0.5%) blood samples for Babesia genospecies yielded a sequence in conventional PCR, in which genetic analyses showed to be B. divergens. None of the samples were found positive for spotted fever Rickettsia's or TBEV.
All seven of the Candidatus Neoehrlichia mikurensis sequence yielded a partial groEL sequence and five out of seven could also be confirmed on a separate gene, namely gltA. The seven groEL are 100% identical to each other as were the five gltA sequences (Fig 1) . Four out of five A. phagocytophilum positives yielded a partial groEL sequence after nested PCR. The four groEL are almost identical to each other, with just one or two mismatches. Nevertheless, all four sequences are part of zoonotic variant of the A. phagocytophilum, ecotype I [33] . Three of the tested blood samples for Babesia genospecies yielded a sequence in conventional PCR for the ribosomal 18S rRNA gene, and showed to be identical to B. divergens sequences. Extensive efforts to generate a B. miyamotoi sequence failed. Accession numbers of the obtained sequences are: LC167302, LC167303, LC167304, LC167305. Characteristics of 16 participants with DNA of tick-borne pathogens detected in blood
The prevalence of DNA of a tick-borne pathogen other than B. burgdorferi s. l. detected in blood from persons after a tick bite was 2.4% (Table 2) , this number was similar to EM patients (2.7%). In the blood of one person DNA of both A. phagocytophilum and B. divergens were detected. Altogether, DNA of tick-borne pathogens was detected in the blood of sixteen persons. The characteristics of these sixteen participants are summarized in Table 3 , with regard to age, gender, self-reported clinical symptoms, antibiotic treatment and tick exposure at enrolment and during the three month follow-up period. Eight of the sixteen cases had submitted ticks at enrolment. Among these eight ticks, six ticks tested negative in PCR, and in two ticks DNA was detected of a different genus than the tick-borne pathogens that had been detected in the EDTA-blood of the corresponding participants (Table 3) . We did not observe associations between detection of tick-borne pathogen DNA in EDTA-blood and; patient-reported tick attachment duration, with tick engorgement, with antibiotic treatment at enrolment. Seven out of sixteen cases reported clinical symptoms at enrolment or during the three month follow-up period, such as myalgia (3 cases), skin rash (2 cases), tingling sensations in limbs (2 cases), fatigue, arthralgia, headache, pain in limbs, and gastrointestinal symptoms/vomiting. Using multivariate logistic regression, we compared the prevalence of self-reported symptoms, tick attachment duration and tick engorgement among cases with and without DNA of tick-borne pathogens detected in blood. Compared to the cases that tested negative by PCR, the cases with DNA of tick-borne pathogens detected in their blood sample were not more likely to report any of the named clinical symptoms at enrolment or at follow-up.
Discussion
In this study, DNA of tick-borne microorganisms was detected and identified in ticks and human blood samples (Tables 1 and 2 ). The limitations of this methodology are well known; hence, the interpretation of these results should be done with caution [34] . In order to unequivocally prove the presence of the corresponding infectious agents in ticks or blood, their viability should be tested by in vitro culture or infection experiments of laboratory animals. Also, the absence of DNA of a pathogen cannot be interpreted as the absence of the infectious agent. Besides the technical detection limits of PCR-based methods, the timing of sample collection after a tick bite and start of an antibiotic treatment, as well as the tissue tropism of the pathogen strongly affect the ability of pathogen detection [35, 36] . The latter is corroborated in this study: Only in one out of the 291 patients with an erythema migrans (EM) -a skin infection caused by B. burgdorferi s. l.-the DNA of this pathogen was detected in blood (Table 2 ). This finding confirms that the chance of detecting B. burgdorferi s. l. DNA in blood samples of confirmed Lyme borreliosis patients is very low [35] . Rickettsia helvetica and R. monacensis were both not detected in the 626 blood samples whereas, recently molecular evidence for their presence in cerebrospinal fluid of neuroborreliosis patients and in a skin sample of an EM patient was found [37, 38] . The absence of TBEV in blood samples can further be explained by its extremely low infection rates in ticks and focal geographic distribution in the Netherlands [15] . Candidatus Neoehrlichia mikurensis, A. phagocytophilum, B. miyamotoi and Babesia species are all pathogens that can be expected in blood because of their biology and tissue tropism [16, 20, 39, 40] . The tick samples were screened by a different method (RLB) than the blood samples (realtime PCR). In 314 ticks removed from humans a wide variety of tick-borne pathogens were detected namely, Borrelia afzelii, Borrelia garinii, Borrelia burgdorferi sensu stricto, Borrelia valaisiana, Babesia microti, Babesia venatorum, Babesia divergens, Anaplasma phagocytophilum, Candidatus Neoehrlichia mikurensis, Rickettsia helvetica, Rickettsia monacensis and Borrelia miyamotoi. All these pathogens have been found in questing ticks from field studies in the Netherlands before [41] [42] [43] . The infection rate of tick-borne pathogens other than B. burgdorferi s. l. varied from 0.3% (B. divergens and R. monacensis) up to 18.8% (R. helvetica). With an estimated incidence of 1.1 million tick bites per year, human exposure to a tick-borne pathogen other than B. burgdorferi s. l. and TBEV varies from roughly 3500 for B. divergens, and 3500 for R. monacensis to 207,000 persons for R. helvetica. Among the 322,000 persons exposed to B. burgdorferi s. l. through a tick bite, roughly 105,000 are simultaneously exposed to another pathogen. In addition, exposure to more than one tick-borne pathogen can occur when people have more than one tick bite at once or several consecutive tick bites.
Clearly, not all exposure to tick-borne pathogens results in human infection. Based on the development of an EM or seroconversion, the risk of infection with B. burgdorferi s. l. after tick bites was estimated to be 5.1% [29] . In this study, evidence for infection comes from the detection of Candidatus Neoehrlichia mikurensis, A. phagocytophilum, B. divergens, B. miyamotoi None of these cases reported to be immunocompromised, and all the EM patients were treated with antibiotics according to the guidelines for treatment of Lyme borreliosis [30] . Mild clinical symptoms were reported by seven out of sixteen PCR-positive cases. However, using multivariate logistic regression, we did not detect associations between DNA detected in blood and selfreported symptoms at enrolment and follow-up. Furthermore, we did not find associations between detection of DNA of tick-borne pathogens in blood and; PCR positive ticks, patientreported tick attachment duration, tick engorgement, and antibiotic treatment at enrolment. The lack of statistically significant associations may be due to the mildness of symptoms amongst immune-competent patients, and to a lesser degree due to insufficient numbers of PCR-positive cases per pathogen genus in our analyses. In this study, Candidatus Neoehrlichia mikurensis infection was observed in 1.1% (95%CI 0.5%-2.2%). Candidatus Neoehrlichia mikurensis infections have been described in immunocompromised patients [44] , and more recently in immune-competent patients with relatively mild symptoms in China, Poland, and Sweden [45] [46] [47] [48] . Anaplasma phagocytophilum infection was found in 0.9% (95%CI 0.3%-2.0%) of the persons exposed to tick bites in the Netherlands (Table 2 ). Genetic analyses of the DNA sequences showed the highest similarity to the zoonotic A. phagocytophilum ecotype I [33] . Evidence for A. phagocytophilum infection is primarily based on its molecular, microscopic or serological detection most disease cases [20, 49] . There is serological evidence that A. phagocytophilum infection occurs in the absence of disease symptoms [50] . Babesia divergens infection was observed in 0.5% (95%CI 0.1%-1.3%) of the persons exposed to tick bites. In Europe, only two cases of human babesiosis have been reported in immune-competent patients, one due to B. divergens [51] . Only one patient with EM was possibly infected with B. miyamotoi 0.2% (95%CI 0.0%-0.8%). The presence of B. miyamotoi DNA could only be determined by real-time PCR, and several attempts to confirm this finding by conventional PCR was unsuccessful. This patient had received antibiotic treatment at enrolment for his EM, so a low bacterial load in blood due to the treatment could be an explanation for the high Ct value. Evidence for infection with B. miyamotoi in Europe comes from one immunocompromised case [18] , and a seroprevalence study in people exposed to tick bites [52] .
Altogether, the probability of infection with a tick-borne pathogen other than Lyme spirochetes after tick bites in the Netherlands is roughly 2.4% (95%CI 1.1%-4.5%). This number is similar to the probability of a co-infection with another tick-borne pathogen in patients with EM (2.7%, 95%CI 1.3%-5.2%). Interestingly, one patient in this study had a co-infection with A. phagocytophilum and B. divergens. The severity of self-reported symptoms of the seven EM patients with a co-infection was indistinguishable from patients only having EM. No indications were found that infection with a tick-borne pathogen other than B. burgdorferi s. l. caused overt symptoms that would indicate a corresponding illness. The low number of persons with a tick bite or EM that were identified with an tick-borne pathogen infection other than B. burgdorferi s. l., in combination with the limited medical assessments, and the used method of pathogen detection are not sufficient to infer how often tick-borne pathogens other than B. burgdorferi s. l. (and TBEV) cause disease. Also, to what extend they affect the diagnoses and the etiology of Lyme borreliosis. Furthermore, the ability for a pathogen to cause disease depends also on extrinsic factors for example the immune status of its host.
The high exposure to tick-borne pathogens other than B. burgdorferi s. l. and TBEV, and their ability to cause infection in the general population, warrants increased awareness, knowledge, improvement of diagnostic tests and a clear-cut clinical case definitions in an European setting. Only when better laboratory tests are available for these tick-borne diseases, their impact as a co-infection with Lyme borreliosis can be assessed. 
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